Summary Pharmacokinetics of the cisplatin analogue carboplatin were studied in patients with disseminated ovarian and testicular cancer. Carboplatin 750 mg m-2 divided over three consecutive days was given as part of an ablative combination regimen followed by autologous bone marrow transplantation. Platinum (Pt) in plasma, plasma ultrafiltrate and urine was determined up to 96 h after the last drug dose by atomic absorption spectrometry. Carboplatin was measured by high performance liquid chromatography. The curves of ultrafiltrated Pt and carboplatin decayed in a bio-exponential way with t1/2 a of respectively 65 and 70 min and t112 P of repectively 378 and 1014 min. The volumes of distribution (Vd,) were 18 and 25 1 m-2, respectively, and total body clearances (CITB) 79 and 65 ml min-m-2. Both curves overlapped when corrected for the Pt content of carboplatin. A diversion with the three-exponential curve of total Pt occurred between 3 and 6 h.
administered carboplatin was excreted in the urine in the first 6 h. Plasma ultrafiltrated Pt and carboplatin decreased to undetectable levels within 48 h, but total Pt was detectable until 96 h after the last carboplatin dose. However, this Pt is already bound to protein and unlikely to be cytotoxic to reinfused haemopoietic stem cells, so bone marrow reinfusion can be safely performed at 48 h after repeated dosing of carboplatin on three consecutive days.
Carboplatin (cis-diammino 1,1 -cyclobutane dicarboxylatoplatinum (II); CBDCA; JM8; NSC 241240) is a second generation platinum coordination complex (Figure 1 ) with toxicity different from that of cisplatin. The dose-limiting toxicity of carboplatin is dose-related myelosuppression, predominantly thrombocytopenia. Leucopenia and anaemia also occur with relatively high frequency but are less severe (Calvert et al., 1982) . In patients receiving a single bolus injection of 600 mg m-2 a severe reduction in the number of platelets is seen (Leyvraz et al., 1985) . Dose recommendations are based on the degree of myelotoxicity in phase I studies and range from 300 to 500 mg m2 (Leyvraz et al., 1985; Calvert et al., 1982; Evans et al., 1983; Van Echo et al., 1984; Wiltshaw, 1985) . Dose reduction may be needed in patients with impaired renal function, elderly patients and those who have received previous chemotherapy Calvert et al., 1985) . Although nephrotoxicity has been described (Curt et al., 1983; Rozencweig et al., 1983; Mulder et al., 1988) , it is not a major side-effect of this drug and its occurrence is in part, though not entirely, dose-related (Gore et al., 1987) . Other toxicities, such as nausea and vomiting, are less severe compared to cisplatinum, while neurotoxicity is absent at conventional doses and grade 1 neuropathy is sporadically seen in patients receiving 1,200 mg m-2 or more (Calvert et al., 1982; Rose & Schurig, 1985; Ozols et al., 1985; Canetta et al., 1985; Gore et al., 1987) . The total spectrum of toxicities of carboplatin suggests that it can be applied in high-dose regimens that safeguard against marrow aplasia by bone marrow reinfusion. Pharmacokinetic studies are important to ensure that cytotoxic drug concentrations are no longer present at the time of bone marrow reinfusion. This is of special importance in view of the observation of prolonged retention of the drug in patient plasma (Mulder et al., 1988) and in rat red cells (Siddik et al., 1982) .
Protein-bound platinum (Pt) loses most of its cytotoxicity (Gormley et al., 1979) . We therefore studied the pharmacokinetics of carboplatin by investigating total Pt in plasma as well as non protein-bound carboplatin and 'free' Pt in plasma ultrafiltrate of patients who received short-term daily intravenous infusions of 250 mg m2 on three consecutive days.
Patients and methods
The five patients who were entered in this study with highdose chemotherapy and autologous bone marrow reinfusion had end-stage ovarian cancer (two patients) or relapsed testicular cancer (three patients).
All patient had received prior chemotherapy with cisplatin. The three patients with testicular cancer had previously received vinblastine, bleomycin and etoposide in addition. One patient with ovarian cancer was pretreated with chlorambucil, the other with cyclophosphamide.
Patient characteristics are given in Table I , as are the additional drugs given in the ablative regimens and creatinine clearances before high-dose chemotherapy.
Carboplatin 250 mg -2 was dissolved in 500 ml of dextrosesaline (2.5% ± 0.45%) and given intravenously over 30 min every 24 h on three consecutive days. The total parenteral fluid intake on the days of the drug infusion was 3 litres. All patients received anti-emetic therapy consisting of chlorpromazine, 30mg on these days. The patients receiving cyclophosphamide received mesna in a dose of 3.5 g m-2 for prophlaxis of haemorrhagic cystitis.
The cryopreserved autologous bone marrow was reinfused 96 h after the last carboplatin dose. 5, 10, 15, 30, 45 and 60 min and 2, 6, 10, 15 and 24 h after each infusion and further daily until day 7. Blood was centrifuged and two portions of plasma were ultrafiltrated for 20 min with an Amicon Centifree micropartition system provided with YMT membranes (Amicon, Oosterhout, The Netherlands). The plasma and plasma ultrafiltrate samples were prepared immediately and stored at -20°C until analysis. Portions of urine collected over 6 h intervals during days 1-3 and over 12 h on days 4-8 were also stored at -20'C. Analysis Pt concentrations in plasma (total Pt), plasma ultrafiltrate (free Pt) and urine were determined by flameless atomic absorption spectrometry (Leroy et al., 1977 0.l0 mg l'. The coefficient of variation is 3.5% (10 tLg ml', n = 6).
Pharmacokinetics
The plasma concentration time data for each patient were subjected to pharmacokinetic analysis using a computer analysis program (Scaf, 1988) . The program includes a correction for infusion time (Loo & Riegelman, 1970 ) and a statistical analysis comparing the accuracy of models containing different numbers of phases (Boxenbaum et al., 1974) . Equations for distribution constants, elimination constants, total body clearance and apparent central and peripheral distribution volumes have been described (Greenblatt & Koch Wester, 1975) .
Statistics
For statistical analysis of the results Student's t test was used. Differences were considered significant if P < 0.05.
Results
Peak plasma levels of carboplatin were between 20 and 70 mg 1-'. The fraction present as free Pt in the plasma at the peak level was between 50 and 100%. Either free Pt or free carboplatin were detectable before the second and third infusion, but no longer after the fourth day (more than 24 h after the last infusion).
A representative curve is shown in Figure 2 . The plasma pharmacokinetics of carboplatin and free Pt do not differ significantly in any of the parameters from Table II when carboplatin is corrected for the atomic weight of Pt.
The total dose of carboplatin has been calculated by the body surface area. If a correction is applied for creatinine clearance rather larger differences are noticed (Table I) . However, between patients 3 and 4 no significant differences could be detected in peak concentrations (10.7, 11.4, 10.2 ,g ml-' and 12.4, 14.8, 9 .9 tLg ml-', respectively) and elimination parameters.
Both a two-compartment and a three-compartment model fit the elimination of free Pt, carboplatin and total Pt. Diversion of the total Pt elimination curve and the other curves becomes apparent after 3-6 h.
The characteristics of the pharmacokinetics of total Pt differ significantly from those of free Pt and carboplatin. t1/2 a and the total body clearance are shorter (P< 0.001), and the area under the curve and the volume of distribution are larger (P< 0.005) for total Pt compared to free Pt and carboplatin.
Urinary excretion of free Pt is rapid: in the first 6 h 53% of infused Pt is excreted, and cumulative urinary excretion over a 6 day period is 62% (Table III) . 
Discussion
The therapeutic effects of carboplatin closely resemble those of its parent drug cisplatin, especially as far as sensitive tumours are concerned. However, some differences in antitumour activity have been described, such as in vivo in metastatic human bladder cancer (MRC Working Party on Urological Cancer, 1987) and in vitro in small cell lung cancer (Takahashi et al., 1987) .
Such dissimilarities in activity and especially in toxicity may reflect a different effect at the cellular level or in phamacokinetic behaviour of the two compounds. It was demonstrated by Knox et al. (1986) that once bound to DNA, the actions of cisplatin and carboplatin were the same. However, DNA lesions occur during incubation in vitro after a 110-fold and in: cell suspensions after a 45-fold carboplatin dose compared to cisplatin on a molar basis (Micetich et al., 1985) . Peak levels of DNA interstrand cross-links occur 6-12 h later in carboplatin treated cells (Micetich et al., 1985) . Both phenomena are accounted for by the much slower rate of hydrolysis of carboplatin compared to cis- platin. This hydrolysed form is the DNA reactive species. Although it has been shown that cisplatin bound to plasma proteins can, at least in part, still react with strong nucleophilic substances (Hegedus et al., 1987) , protein bound Pt compounds lose most of their cytotoxicity (Gormley et al., 1979) . Therefore, the unbound drug or free Pt represents the main source of drug that can be rendered DNA reactive.
The low degree of protein binding in the initial hours following i.v. carboplatin administration is evident from our results and is in agreement with other reports (Harland et al., 1984; Van der Vijgh & Klein, 1986; Elferink et al., 1987) . The overlap between elimination curves of the intact carboplatin and free Pt and the lack of statistical differences in pharmacokinetic parameters justify the measurement of free Pt as an indication of the protein binding of carboplatin. Our pharmacokinetic data are congruent with the literature (Table IV) The rapid excretion of the drug implies that more than half of the drug dose has left the body in 6 h. The drug is eliminated by the kidney by glomerular filtration and is not secreted by the renal tubular cells (Harland et al., 1984) in contrast to cisplatin. The fast process of reaction with protein-bound sulphydryl groups in the renal tubules, as occurs in cisplatin-induced nephrotoxicity (Weiner & Jacobs, 1983) , is therefore unlikely in carboplatin treatment. Even if the drug enters the tubular cells, it leads on a molar level to less DNA toxicity than cisplatin. So, despite an increased renal elimination of carboplatin compared to cisplatin, the nephrotoxicity is much less.
The cumulative urinary excretion after 6h was in accordance with the literature (Elferink et al., 1987; Harland et al., 1984; Koeller et al., 1986; Smyth et al., 1987) , but in patients 1 and 2 it was 20% lower than expected after 6 days (Elferink et al., 1987) . The reason for this might be the decreased creatinine clearance and pretreatment with cisplatin (Reece et al., 1986; Mulder et al., 1988) .
Correction of carboplatin dose for the renal function has been considered to be of importance . In this study differences in total dose corrected for creatinine clearance to a factor of two occurred.
A major object of our study was the determination of a suitable moment for bone marrow reinfusion, crucial to survival of the patients treated in this study. As the main toxic agent, the free carboplatin or the free Pt, is below the detection level in the plasma after 48 h following the last dose, it can be assumed that bone marrow reinfusion can be performed at that moment. The Pt still present at that moment is bound to protein and unlikely to react with bone marrow stem cells. A comparable conclusion is reached by Newell et al. (1987) for a single bolus injection.
